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$EVWUDFW 
0DQ\ UHDOZRUOGGHFLVLRQV UHO\RQDFWLYHVHQVLQJDG\QDPLFSURFHVV IRUGLUHFWLQJRXU
VHQVRUVHJH\HVRUILQJHUVDFURVVDVWLPXOXVWRPD[LPL]HLQIRUPDWLRQJDLQ7KRXJK
HFRORJLFDOO\SHUYDVLYH OLPLWHGZRUNKDVIRFXVHGRQ LGHQWLI\LQJQHXUDOFRUUHODWHVRI WKH
DFWLYH VHQVLQJ SURFHVV ,Q WDFWLOH SHUFHSWLRQ ZH RIWHQ PDNH GHFLVLRQV DERXW DQ
REMHFWVXUIDFH E\ DFWLYHO\ H[SORULQJ LWV VKDSHWH[WXUH +HUH ZH LQYHVWLJDWH WKH QHXUDO
FRUUHODWHV RI DFWLYH WDFWLOH GHFLVLRQPDNLQJ E\ VLPXOWDQHRXVO\ PHDVXULQJ
HOHFWURHQFHSKDORJUDSK\((*DQGILQJHUNLQHPDWLFVZKLOHVXEMHFWVLQWHUURJDWHGDKDSWLF
VXUIDFHWRPDNHSHUFHSWXDOMXGJPHQWV6LQFHVHQVRULPRWRUEHKDYLRUXQGHUOLHVGHFLVLRQ
IRUPDWLRQLQDFWLYHVHQVLQJWDVNVZHK\SRWKHVL]HGWKDWWKHQHXUDOFRUUHODWHVRIGHFLVLRQ
UHODWHGSURFHVVHVZRXOGEHGHWHFWDEOHE\UHODWLQJDFWLYHVHQVLQJWRQHXUDODFWLYLW\1RYHO
EUDLQEHKDYLRU FRUUHODWLRQ DQDO\VLV UHYHDOHG WKDW WKUHH GLVWLQFW ((* FRPSRQHQWV
ORFDOL]LQJ WR ULJKWODWHUDOL]HG RFFLSLWDO FRUWH[ /2& PLGGOH IURQWDO J\UXV 0)* DQG
VXSSOHPHQWDU\PRWRUDUHD60$UHVSHFWLYHO\ZHUHFRXSOHGZLWKDFWLYHVHQVLQJDVWKHLU
DFWLYLW\VLJQLILFDQWO\FRUUHODWHGZLWKILQJHUNLQHPDWLFV7RSUREHWKHIXQFWLRQDOUROHRIWKHVH
FRPSRQHQWVZH ILW WKHLUVLQJOHWULDOFRXSOLQJV WRGHFLVLRQPDNLQJSHUIRUPDQFHXVLQJD
KLHUDUFKLFDOGULIWGLIIXVLRQPRGHO +''0 UHYHDOLQJ WKDW WKH /2& PRGXODWHG WKH
HQFRGLQJ RI WKH WDFWLOH VWLPXOXV ZKHUHDV WKH 0)* SUHGLFWHG WKH UDWH RI LQIRUPDWLRQ
LQWHJUDWLRQ WRZDUGV D FKRLFH ,QWHUHVWLQJO\ WKH 0)* GLVDSSHDUHG IURP FRPSRQHQWV
XQFRYHUHG IURP FRQWURO VXEMHFWV SHUIRUPLQJ DFWLYH VHQVLQJ EXW QRW UHTXLUHG WR PDNH
SHUFHSWXDOGHFLVLRQV%\XQFRYHULQJWKHQHXUDOFRUUHODWHVRIGLVWLQFWVWLPXOXVHQFRGLQJ
DQG HYLGHQFH DFFXPXODWLRQ SURFHVVHV WKLV VWXG\ GHOLQHDWHG IRU WKH ILUVW WLPH WKH
IXQFWLRQDOUROHRIFRUWLFDODUHDVLQDFWLYHWDFWLOHGHFLVLRQPDNLQJ 
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DFWLYH WDFWLOH VHQVLQJ SHUFHSWXDO GHFLVLRQPDNLQJ ((* 3DQWRJUDSK FDQRQLFDO
FRUUHODWLRQDQDO\VLVKLHUDUFKLFDOGULIWGLIIXVLRQPRGHO 
 
+LJKOLJKWV 
1. $FWLYLW\LQWKUHHEUDLQUHJLRQVZDVFRXSOHGZLWKDFWLYHWDFWLOHVHQVLQJNLQHPDWLFV 
2. $FWLYHWRXFKFRUUHODWHGZLWKYLVXDOEXWQRWVRPDWRVHQVRU\FRUWH[DFWLYLW\ 
3. %UDLQEHKDYLRU FRUUHODWLRQV DFFRXQWHG IRU VLQJOHWULDO GHFLVLRQPDNLQJ
SHUIRUPDQFH 
4. V1 and 0)* activations predicted non-decision time and drift rate, respectively 
5. &RQWUROH[SHULPHQWYDOLGDWHGWKHUROHVRI9DQG0)*LQDFWLYHWDFWLOHWDVNV 
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1. ,QWURGXFWLRQ 
Perceptual decisions rely on the integration of sensory evidence from the 
environment (Heekeren et al., 2004; Hanks and Summerfield, 2017). The quality of 
sensory evidence depends highly on our actions, as our movements affect how we 
sample, process and integrate information from the external world (Najemnik and Geisler, 
2005; Renninger et al., 2007; Navalpakkam et al., 2010; Schroeder et al., 2010; 
Chukoskie et al., 2013; Toscani et al., 2013; Yang et al., 2016a; Tomassini et al., 2017; 
Tomassini and D'Ausilio, 2017). Hence, to optimize the speed and accuracy of our 
perceptual decisions we need to direct our actions so as to efficiently gather sensory 
information, a process called active sensing (Kleinfeld et al., 2006; Yang et al., 2016b). 
Importantly, the processing of sensory information acquired actively and its translation 
into perceptual choices requires the interaction of multiple neural processes (and 
consequently multiple brain areas) over time (Philiastides and Sajda, 2006, 2007; 
Heekeren et al., 2008; Summerfield and de Lange, 2014; Rahnev et al., 2016). However, 
despite recent scientific interest in active sensing and decision-making, its neural 
underpinnings remain poorly understood. 
Here we address this gap using a response-time active tactile decision-making 
task in which we simultaneously measured the electroencephalogram (EEG), active 
sensing behavior (movement kinematics) and task performance (accuracy and response 
time - RT) of subjects, the goal being to uncover the patterns of neural activity and 
sensorimotor behavior that drive active perceptual decisions. 
To achieve this goal, we proceed in two steps. We first aim to characterize 
prominent components of active sensing brain entrainment. To this end, we correlate the 
 ? 
 
recorded EEG signals with the behavioral kinematics and extract components of neural 
activity coupled with components of sensorimotor behavior. Specifically, we hypothesize 
that changes in the speed with which subjects explore the tactile stimulus are indicative 
of the strategy they employ for acquiring and accumulating perceptual information and 
thus reflect active sensing behavior. Hence, we use the velocity profiles of the finger 
movements performed on each trial as correlates of the EEG recordings in order to 
uncover the neural underpinnings of active tactile sensing. The main advantage of this 
methodology is that it replaces unspecific measures of neural activations with measures 
that directly quantify the coupling between the components of continuous finger 
movement and brain activity, thereby tapping more directly into the neural correlates of 
tactile active exploration.  
We further hypothesize thatRQH¶VDFWLYHVHQVLQJEHKDYLRUDQGWKHQHXUDODFWLYLW\
WKDWXQGHUOLHVLWSURYLGHVDYLHZLQWRWKHSURFHVVHVOHDGLQJWRGHFLVLRQIRUPDWLRQ7KXV
ZHDVNLIWKHSHUFHSWXDOFRJQLWLYHDQGPRWRUSURFHVVHVLQYROYHGLQDFWLYHWDFWLOHGHFLVLRQ
PDNLQJ DUH PRGXODWHG E\ WKH VWUHQJWK RI WKH LGHQWLILHG EUDLQEHKDYLRU FRXSOLQJV 7R
GLVVHFWWKHFRQVWLWXHQWSURFHVVHVRIGHFLVLRQPDNLQJGXULQJDFWLYHVHQVLQJZHHPSOR\D
KLHUDUFKLFDOGULIWGLIIXVLRQPRGHO+''0DQDO\VLV7RDVVHVVLIWKHVHSURFHVVHVEHDUDQ\
UHODWLRQWRWKHH[WUDFWHGEUDLQEHKDYLRUFRUUHODWHGFRPSRQHQWVZHLQWHJUDWHWKH+''0
ZLWKDUHJUHVVLRQDQDO\VLVWKDWXVHVWKHEUDLQEHKDYLRUFRUUHODWLRQVDVSUHGLFWRUVIRUWKH
+''0SDUDPHWHUV7KH+''0IUDPHZRUNWKHUHIRUHSURYLGHVDSULQFLSOHGDSSURDFKWR
LQYHVWLJDWHZKHWKHUWKHQHXUDOUHSUHVHQWDWLRQVRIDFWLYHWDFWLOHVHQVRU\SURFHVVLQJGULYH
GHFLVLRQ IRUPDWLRQDQGHQDEOHVRQH WR LGHQWLI\ZKLFKRI LWV LQWHJUDOSURFHVVHVPD\EH
SUHGLFWLYH RI EHKDYLRU 8OWLPDWHO\ ZH ILQG WKDW WZR GLVWLQFW SURFHVVHV QDPHO\ WDFWLOH
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VWLPXOXVHQFRGLQJDQGHYLGHQFHDFFXPXODWLRQDUHGULYHQE\WZRGLVWLQFWFRPSRQHQWVRI
EUDLQEHKDYLRUFRXSOLQJ 
 
2. 0DWHULDOVDQG0HWKRGV 
$FWLYHWDFWLOHWH[WXUHGLVFULPLQDWLRQWDVN)LIWHHQKHDOWK\ULJKWKDQGHGVXEMHFWV
IHPDOHDJHG\HDUVSHUIRUPHGDWZRDOWHUQDWLYHIRUFHGFKRLFH$)&WH[WXUH
GLVFULPLQDWLRQWDVNGXULQJZKLFKWKH\KDGWRFRPSDUHWKHDPSOLWXGHVRI WZRVLQXVRLGDO
WH[WXUHVRI WKHVDPH IUHTXHQF\$OOH[SHULPHQWDOSURFHGXUHVKDYHEHHQ UHYLHZHGDQG
DSSURYHGE\WKH,QVWLWXWLRQDO5HYLHZ%RDUG,5%DW&ROXPELD8QLYHUVLW\ 
6XEMHFWVSHUIRUPHGWKHWDVNXVLQJDKDSWLFGHYLFHFDOOHGD3DQWRJUDSK&DPSLRQ
HWDO)ULVVHQHWDOZKLFKFDQEHMXGLFLRXVO\SURJUDPPHGWRJHQHUDWHWDFWLOH
VHQVDWLRQV WKDW UHVHPEOH H[SORULQJ UHDO VXUIDFHV VHH )LJXUH $ )RU WKLV ELQDU\
GLVFULPLQDWLRQ WDVN WKHZRUNVSDFHRI WKH3DQWRJUDSKRIGLPHQVLRQVPP[PP
ZDVVSOLWLQWRWZRVXEVSDFHVOHIW/DQGULJKW5PP[PPHDFKDQGVXEMHFWV
H[SHULHQFHGFRQWLQXRXVVLQXVRLGDOIRUFHVRIGLIIHUHQWDPSOLWXGHVEXWVDPHZDYHOHQJWK
RIPPLQWKHWZRVXEVSDFHV)LJXUH%6XEMHFWVZHUHDVNHGWRUHSRUWDVTXLFNO\
DQG DV DFFXUDWHO\ DV SRVVLEOH ZKLFK RI WKH WZR VXEVSDFHV KDG WKH KLJKHU WH[WXUH
DPSOLWXGH7KH\SODFHGWKHLUULJKWLQGH[ILQJHURQWKHSODWHRIWKH3DQWRJUDSKZKLFKZDV
KLGGHQ EHKLQG D EODFN FXUWDLQ DQG ZHUH DOORZHG WR PRYH LW IUHHO\ LQ WKH 3DQWRJUDSK
ZRUNVSDFH WRH[SORUH WKH WH[WXUHVRIERWKVXEVSDFHVEHIRUH UHSRUWLQJ WKHLU FKRLFHE\
SUHVVLQJRQHRIWZREXWWRQVRQDNH\ERDUGOHIWDUURZIRU/ULJKWDUURZIRU5'XULQJWKH
H[SHULPHQW WKHFXUWDLQEORFNHGWKHVXEMHFWV¶YLHZWRWKHLU ILQJHUVWKHVXEMHFWVKDGQR
RWKHUYLVXDOLQSXWDQGZHUHLQVWUXFWHGWRIL[DWHRQWKHNH\ERDUGWKH\XVHGWRUHSRUWWKHLU
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FKRLFHV 
2QHDFKWULDOVXEMHFWVFRPSDUHGEHWZHHQWKHUHIHUHQFHDPSOLWXGHSUHVHQWHG
HLWKHURQWKHOHIWRUULJKWVXEVSDFHDQGRQHRIVL[RWKHUDPSOLWXGHOHYHOV
(DFKVXEMHFWSHUIRUPHGWULDOVIRUHDFKDPSOLWXGHOHYHOUHVXOWLQJLQ
WULDOV[DPSOLWXGHV WULDOVLQWRWDO7KHIXOOH[SHULPHQWZDVVSOLWLQWREORFNVRI
WULDOV2QHVXEMHFWVKRZHGSRRUEHKDYLRUDOSHUIRUPDQFHDFFXUDF\ZDVQRWVLJQLILFDQWO\
GLIIHUHQW IURP FKDQFH OHYHO DQG DQRWKHU VXEMHFW¶V ((* UHFRUGLQJV ZHUH VLJQLILFDQWO\
FRQWDPLQDWHG ZLWK H\H PRYHPHQW DUWLIDFWV WKXV GDWD IURP WKHVH WZR VXEMHFWV ZHUH
UHPRYHG IURP DQ\ VXEVHTXHQW DQDO\VHV :H UHSRUW UHVXOWV IURP WKH UHPDLQLQJ 
VXEMHFWV 
 &RQWURO H[SHULPHQW  :H UHFUXLWHG WHQ KHDOWK\ ULJKWKDQGHG VXEMHFWV 
IHPDOHV DJHG  \HDUV WKDW ZHUH QDwYH WR WKH H[SHULPHQWDO VHWXS DQG WKH WDFWLOH
GLVFULPLQDWLRQH[SHULPHQWGHVFULEHGDERYHDQGDVNHGWKHPWRSDUWLFLSDWH LQDVHFRQG
H[SHULPHQW7KHVXEMHFWVZHUHDVNHGWRDFWLYHO\H[SORUHWKHYLUWXDOVXUIDFHJHQHUDWHGE\
WKH 3DQWRJUDSK XVLQJ WKHLU ULJKW LQGH[ ILQJHU 'XULQJ WKH H[SHULPHQW WKH SDUWLFLSDQWV
H[SHULHQFHG WKH VDPH WDFWLOH VWLPXODWLRQ DV IRU WKH WDFWLOH GLVFULPLQDWLRQ WDVN LH
FRQWLQXRXVVLQXVRLGDOIRUFHVRIGLIIHUHQWDPSOLWXGHVLQWKHWZRVXEVSDFHVEXWLQFRQWUDVW
WR WKH ILUVWH[SHULPHQW WKH\GLGQRWKDYH WRPDNHDQ\SHUFHSWXDO FKRLFH +HQFH WKLV
FRQWURO H[SHULPHQW VHUYHG WR FRPSDUH WKH ((* DQG NLQHPDWLF VLJQDOV EHWZHHQ D
GHFLVLRQPDNLQJ DQG D QRQGHFLVLRQPDNLQJ KDSWLF WDVN ,W WKHUHIRUH DOORZHG XV WR
LQGLYLGXDWH WKH FRPSRQHQWV RI QHXUDO DFWLYLW\ DQG DFWLYH VHQVLQJ WKDW FDQ EH VROHO\
DWWULEXWHGWRGHFLVLRQPDNLQJEHKDYLRU 
'DWDUHFRUGLQJDQGSUHSURFHVVLQJ0RYHPHQWNLQHPDWLFV[\FRRUGLQDWHVRI
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ILQJHUSRVLWLRQDQGDSSOLHGIRUFHVZHUHPHDVXUHGDWDVDPSOLQJIUHTXHQF\RI+]
6LQJOHWULDOPRYHPHQWYHORFLW\ ZDYHIRUPVZHUHFRPSXWHGXVLQJ WKHGHULYDWLYHVRI WKH
UHFRUGHGSRVLWLRQ'XULQJSHUIRUPDQFHRIWKHWDVNZHDOVRUHFRUGHG((*VLJQDOVDW
VDPSOLQJIUHTXHQF\XVLQJD%LRVHPL((*V\VWHP$FWLYH7ZR$'ER[$J$J&ODFWLYH
HOHFWURGHV  PRQWDJH ((* UHFRUGLQJV ZHUH SUHSURFHVVHG XVLQJ ((*/DE
'HORUPHDQG0DNHLJDVIROORZV((*VLJQDOVZHUHILUVWGRZQVDPSOHGWR+]
WRPDWFKPRYHPHQWNLQHPDWLFVDQGG\QDPLFV7KHQWKH\ZHUHEDQGSDVVILOWHUHGWR
+]XVLQJD+DPPLQJZLQGRZHG),5ILOWHU7RLVRODWHWKHSXUHO\QHXUDOFRPSRQHQWRI
WKH((*GDWDZHXVHGWKHIROORZLQJSURFHGXUHZHILUVWUHGXFHGWKHGLPHQVLRQDOLW\RIWKH
((*GDWDE\UHFRQVWLWXWLQJWKHGDWDXVLQJRQO\WKHWRSSULQFLSDOFRPSRQHQWVGHULYHG
IURP 3ULQFLSDO &RPSRQHQW $QDO\VLV 3&$ 7KHUHDIWHU DQ ,QGHSHQGHQW &RPSRQHQW
$QDO\VLV,&$GHFRPSRVLWLRQRIWKHGDWDZDVSHUIRUPHGXVLQJWKH,QIRPD[DOJRULWKP%HOO
DQG 6HMQRZVNL  :H WKHQ XVHG DQ ,&$EDVHG DUWLIDFW UHPRYDO DOJRULWKP FDOOHG
0$5$:LQNOHUHWDOWRUHPRYH,&VDWWULEXWHGWREOLQNVKRUL]RQWDOH\HPRYHPHQWV
+(2* PXVFXODU DFWLYLW\ (0* DQG DQ\ ORRVH RU KLJKO\ QRLV\ HOHFWURGHV 0$5$
DVVLJQHG HDFK ,& D SUREDELOLW\ RI EHLQJ DQ DUWLIDFW ZH UHPRYHG FRPSRQHQWV ZLWK
SUREDELOLWLHVDERYH 
((*%HKDYLRXUDQDO\VLV7RLGHQWLI\FRUUHODWLRQVEHWZHHQWKH((*UHFRUGLQJV
DQG WKH VXEMHFWV¶ DFWLYH VHQVRU\ H[SHULHQFH ZH XVHG D QRYHO PHWKRGRORJ\ WHUPHG
((*%HKDYLRU ((*%HK H[WHQGV WKH SUHYLRXVO\ GHYHORSHG IUDPHZRUN 6WLP((*
'PRFKRZVNLHWDOWRPDNHLWDSSOLFDEOHWRVLPXOWDQHRXVO\UHFRUGHGQHXUDODFWLYLW\
DQG VHQVRULPRWRU EHKDYLRXUDO VLJQDOV VHH )LJXUH  IRU D JUDSKLFDO LOOXVWUDWLRQ RI WKH
SURFHGXUH,QWKHIROORZLQJZHXVHGILQJHUYHORFLW\DVWKHNLQHPDWLFIHDWXUHUHSUHVHQWLQJ
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DFWLYHVHQVLQJEHKDYLRUEXWZHDOVRQRWHWKDWXVLQJILQJHUSRVLWLRQ\LHOGHGTXDOLWDWLYHO\
YHU\VLPLODUUHVXOWV 
7KHPHWKRGLVEDVHGRQWKHWHPSRUDOILOWHULQJRIWKHYHORFLW\VLJQDOVVWDQGWKH
VSDWLDOLQWHJUDWLRQRI((*VLJQDOV݉௜ሺݐሻUHFRUGHGIURPLHOHFWURGHV)LJXUH ݑሺݐሻ ൌ ݄ሺݐሻ כ ݏሺݐሻǡݒሺݐሻ ൌ ෍ ݃௜݉௜ሺݐሻ௜ ሺ ?ሻ 
ZKHUH * LQWKHILUVWHTXDWLRQGHQRWHVFRQYROXWLRQEHWZHHQWZRVLJQDOVZKHUHDV
WKHVHFRQGHTXDWLRQLVDZHLJKWHGVXPPDWLRQ7KHWHPSRUDOILOWHUKWDQGVSDWLDOILOWHUJL
DUHIRXQGE\PD[LPL]LQJWKHFRUUHODWLRQߩሺݑǡ ݒሻEHWZHHQWKHILOWHUHGPRYHPHQWYHORFLW\
XWDQGWKHILOWHUHG((*DFWLYLW\YW 
ߩሺݑǡ ݒሻ ൌ  ? ݑሺݐሻݒሺݐሻ௧ඥ ? ݑଶሺݐሻݒଶሺݐሻ௧ ሺ ?ሻ 
7ROHDUQWKHILOWHUVWKDW\LHOGPD[LPDOO\FRUUHODWHG((*DQGNLQHPDWLFFRPSRQHQWV
ZHSHUIRUPHG&DQRQLFDO&RUUHODWLRQ$QDO\VLV+RWHOOLQJ'H&KHYHLJQHHWDO
&&$ZKLFKSURYLGHVPXOWLSOHSDLUVRIVROXWLRQV(DFKSDLUFFDSWXUHV LQ݃௖௜DVSDWLDO
ILOWHURI((*DFWLYLW\DQGLQ݄ ௖ሺݐሻDWHPSRUDOILOWHURIWKHPRYHPHQWYHORFLW\+HUHZHFKRVH
WKHWHPSRUDODSHUWXUHRIWKHWHPSRUDOILOWHUVWREH>VV@YDU\LQJWKHILOWHUDSHUWXUHGLG
QRWFKDQJHTXDOLWDWLYHO\WKHUHVXOWV7KLVFKRLFHRIWHPSRUDOILOWHUZLQGRZDOORZHGERWK
SRVLWLYHDQGQHJDWLYHODJVEHWZHHQWKH((*DQGWKHYHORFLW\VLJQDOVZKLFKZDVFUXFLDO
IRULQYHVWLJDWLQJWKHPXWXDOFDXVDOGHSHQGHQFLHVEHWZHHQWKHEUDLQDQGWKHEHKDYLRXUDO
VLJQDOV ,Q RWKHU ZRUGV E\ DOORZLQJ WKH ((* VLJQDOV WR ERWK SUHFHGH DQG IROORZ WKH
YHORFLW\VLJQDOVZLWKLQDVSHULRGZHFRXOGLGHQWLI\SDWWHUQVRIEUDLQDFWLYLW\WKDWERWK
GULYHDQGDUHGULYHQE\WKHVHQVRULPRWRUEHKDYLRU 
 ? ? 
 
7RYLVXDOL]HWKHVSDWLDOGLVWULEXWLRQRIQHXUDODFWLYLW\DVVRFLDWHGZLWKHDFKILOWHUZH
FRPSXWHGWKH((*FRPSRQHQWVݓXVLQJWKH³IRUZDUGPRGHO´IRUPDOLVPDVIROORZV3DUUD
HWDO3DUUDHWDO+DXIHHWDO ܹ ൌ ܴ௠௠ܩሺܩ்ܴ௠௠ܩሻିଵሺ ?ሻ 
ZKHUH ܴ௠௠ LV WKH DXWRFRYDULDQFH PDWUL[ RI WKH ((* GDWD PDWUL[ ܯ ൌሾ݉ଵǡ ݉ଶǡ ڮ ǡ ݉ூሿDQGܩ ൌ ሾ݃ଵǡ ݃ଶǡ ڮ ǡ ݃஼ሿ LVDPDWUL[FRQWDLQLQJWKH&&&$GHULYHGVSDWLDO
ILOWHUV7KHFRUUHVSRQGLQJIRUZDUGPRGHOVDUHWKHFROXPQVRIPDWUL[ܹ ൌ ሾݓଵǡ ݓଶǡ ڮ ǡ ݓ஼ሿ 
+HQFH WKLV DSSURDFK H[WUDFWV & SDLUV RI WHPSRUDO NLQHPDWLF FRPSRQHQWV DQG
VSDWLDO((*FRPSRQHQWV݄௧ǡ ݓ௦ሻ௜WKDWFRUUHODWHZLWKVWUHQJWKߩ௜LQGHFUHDVLQJRUGHUߩଵ ൐ߩଶ ൐ ڮ ൐ ߩ஼ 
7RGHWHUPLQHVWDWLVWLFDOVLJQLILFDQFHRIWKHFRUUHODWLRQVDWHDFKOHDUQHGFRPSRQHQW
SDLUȡN!ZHUDQGRPL]HGWKHSKDVHVSHFWUXPRIWKH((*VLJQDOVZKLFKGLVUXSWHGWKH
WHPSRUDOUHODWLRQVKLSEHWZHHQWKH((*DFWLYLW\DQGWKHNLQHPDWLFVZKLOHSUHVHUYLQJWKH
DXWRFRUUHODWLRQVWUXFWXUHRIWKHVLJQDOV7KHLOHUHWDO:HJHQHUDWHGSKDVH
UDQGRPL]HGVXUURJDWHVRIWKH((*GDWDDQGFRPSXWHG((*%HKFRUUHODWLRQVZLWKWKH
NLQHPDWLFVWRGHILQHWKHQXOOGLVWULEXWLRQIURPZKLFKZHHVWLPDWHGSYDOXHV,QFRQWUDVWWR
DVWDQGDUGVKXIIOLQJSURFHGXUHWKDWGLVUXSWVDQ\FRRUGLQDWLRQDFURVV((*VHQVRUVWKLV
SKDVHUDQGRPL]DWLRQSURFHGXUHPDLQWDLQVWKHPDJQLWXGHVSHFWUXPRIWKH((*VLJQDOV
WKXV FRQVHUYLQJ WKHLU DXWRFRUUHODWLRQ VWUXFWXUH ZKLFK LV D IXQGDPHQWDO IHDWXUH RI WKH
RULJLQDOVLJQDOVZKHQWKHVLJQLILFDQFHRIFURVVFRUUHODWLRQLVDVVHVVHG+HQFHXVLQJWKLV
SURFHGXUHWKHREWDLQHGVXUURJDWHVWKDWGHILQHWKHQXOOGLVWULEXWLRQDUHDPRUHSODXVLEOH
FRPSDULVRQUHVXOWLQJLQDVWULFWHUVWDWLVWLFDOWHVWWKDQUDQGRPO\VKXIIOHGVXUURJDWHV 
 ? ? 
 
 6RXUFH /RFDOL]DWLRQ 7R LGHQWLI\ WKH EUDLQ UHJLRQV WKDW JHQHUDWHG WKH ((*
FRPSRQHQW DFWLYDWLRQV ZH SHUIRUPHG D VRXUFH UHFRQVWUXFWLRQ DQDO\VLV :H XVHG
%UDLQVWRUP 7DGHO HW DO  DQ RSHQVRXUFH 0DWODE SDFNDJH IRU 0((* VLJQDO
SURFHVVLQJ WR WUDQVODWH WKH REWDLQHG IRUZDUG PRGHOV LQWR GLVWULEXWLRQV RI XQGHUO\LQJ
FRUWLFDODFWLYLW\$VWDQGDUGL]HGKHDGPRGHOEDVHGRQWKHDYHUDJHWHPSODWHEUDLQRIWKH
0RQWUHDO 1HXURORJLFDO ,QVWLWXWH 01, ZDV XVHG DV VLQJOH VXEMHFW 05, GDWD ZHUH QRW
DYDLODEOH7RHVWLPDWHWKHVRXUFHVZHXVHGWKHZKLWHQHGDQGGHSWKZHLJKWHGOLQHDU/
PLQLPXPQRUPHVWLPDWHVDOJRULWKPZLWKQRQRLVHPRGHOOLQJQRLVHFRYDULDQFHHTXDOWR
WKHLGHQWLW\PDWUL[DQGHVWLPDWHGDPSOLWXGH615RIWKHUHFRUGLQJVHTXDOWRGHIDXOW
XVHG WR FRPSXWH WKH UHJXODUL]DWLRQ SDUDPHWHU:H FRQVWUDLQHG WKH RULHQWDWLRQ RI WKH
VRXUFHPRGHOE\PRGHOOLQJDWHDFKJULGSRLQWRQO\RQHGLSROHWKDWLVRULHQWHGQRUPDOO\WR
WKHFRUWLFDOVXUIDFH 
 +LHUDUFKLFDO 'ULIW 'LIIXVLRQ 0RGHOOLQJ RI SHUIRUPDQFH GDWD ZLWK ((*%HK
UHJUHVVRUV:HILWWKHVXEMHFWV¶SHUIRUPDQFHLHDFFXUDF\DQGUHVSRQVHWLPH57ZLWK
DKLHUDUFKLFDOGULIWGLIIXVLRQPRGHO+''0:DEHUVLFKDQG9DQGHNHUFNKRYHZKLFK
DVVXPHVDVWRFKDVWLFDFFXPXODWLRQRIVHQVRU\HYLGHQFHRYHU WLPH WRZDUGRQHRI WZR
GHFLVLRQ ERXQGDULHV FRUUHVSRQGLQJ WR FRUUHFW DQG LQFRUUHFW FKRLFHV 5DWFOLII 
5DWFOLIIDQG0F.RRQ5DWFOLIIHWDO5DWFOLIIHWDO7KHPRGHOUHWXUQV
HVWLPDWHV RI LQWHUQDO FRPSRQHQWV RI SURFHVVLQJ VXFK DV WKH UDWH RI HYLGHQFH
DFFXPXODWLRQ GULIW UDWH WKH GLVWDQFH EHWZHHQ GHFLVLRQ ERXQGDULHV FRQWUROOLQJ WKH
DPRXQWRIHYLGHQFHUHTXLUHGIRUDGHFLVLRQGHFLVLRQERXQGDU\DSRVVLEOHELDVWRZDUGV
RQHRIWKHWZRFKRLFHVVWDUWLQJSRLQWDQGWKHGXUDWLRQRIQRQGHFLVLRQSURFHVVHVQRQ
GHFLVLRQ WLPH ZKLFK LQFOXGH VWLPXOXV HQFRGLQJ DQG UHVSRQVH SURGXFWLRQ $V SHU
 ? ? 
 
FRPPRQSUDFWLFHZHDVVXPHGWKDWVWLPXOXVGLIIHUHQFHVDIIHFWHGWKHGULIW UDWH 5DWFOLII
DQG)UDQN 
,Q VKRUW WKH PRGHO LWHUDWLYHO\ DGMXVWV WKH DERYH SDUDPHWHUV WR PD[LPL]H WKH
VXPPHGORJOLNHOLKRRGRIWKHSUHGLFWHGPHDQUHVSRQVHWLPH57DQGDFFXUDF\7KH''0
SDUDPHWHUV ZHUH HVWLPDWHG LQ D KLHUDUFKLFDO %D\HVLDQ IUDPHZRUN LQ ZKLFK SULRU
GLVWULEXWLRQVRIWKHPRGHOSDUDPHWHUVZHUHXSGDWHGRQWKHEDVLVRIWKHOLNHOLKRRGRIWKH
GDWD JLYHQ WKH PRGHO WR \LHOG SRVWHULRU GLVWULEXWLRQV .UXVFKNH E:LHFNL HW DO
 :DEHUVLFK DQG 9DQGHNHUFNKRYH  7KH XVH RI %D\HVLDQ DQDO\VLV DQG
VSHFLILFDOO\WKHKLHUDUFKLFDOGULIWGLIIXVLRQPRGHOKDVVHYHUDOEHQHILWVUHODWLYHWRWUDGLWLRQDO
''0DQDO\VLV)LUVWSRVWHULRUGLVWULEXWLRQVGLUHFWO\FRQYH\WKHXQFHUWDLQW\DVVRFLDWHGZLWK
SDUDPHWHU HVWLPDWHV *HOPDQ  .UXVFKNH D 6HFRQG WKH %D\HVLDQ
KLHUDUFKLFDOIUDPHZRUNKDVEHHQVKRZQWREHHVSHFLDOO\HIIHFWLYHZKHQWKHQXPEHURI
REVHUYDWLRQV LV ORZ 5DWFOLII DQG &KLOGHUV  7KLUG DQG PRUH LPSRUWDQWO\ WKLV
IUDPHZRUNVXSSRUWVWKHXVHRIRWKHUYDULDEOHVDVUHJUHVVRUVRIWKHPRGHOSDUDPHWHUVWR
DVVHVV UHODWLRQV RI WKH PRGHO SDUDPHWHUV ZLWK RWKHU SK\VLRORJLFDO RU EHKDYLRUDO GDWD
&DYDQDJKHWDO&DYDQDJKHWDO)UDQNHWDO1XQH]HWDO
7XUQHUHWDO3HGHUVHQHWDO1XQH]HWDO7KLVSURSHUW\RIWKH+''0
DOORZHGXVWRHVWDEOLVKWKHOLQNEHWZHHQWKHUHVXOWVRIWKHEUDLQEHKDYLRUFRXSOLQJDQDO\VLV
DQGWKHGHFLVLRQSDUDPHWHUVRIWKHPRGHO 
7RLPSOHPHQWWKHKLHUDUFKLFDO''0ZHXVHGWKH-$*6:LHQHUPRGXOH:DEHUVLFK
DQG9DQGHNHUFNKRYHLQ-$*63OXPPHUYLDWKH0DWMDJVLQWHUIDFHLQ0DWODE
WRHVWLPDWHSRVWHULRUGLVWULEXWLRQV)RUHDFKWULDOWKHOLNHOLKRRGRIDFFXUDF\DQG57ZDV
DVVHVVHGE\SURYLGLQJ WKH:LHQHU ILUVWSDVVDJH WLPH:)37GLVWULEXWLRQZLWK WKH IRXU
 ? ? 
 
PRGHOSDUDPHWHUVERXQGDU\VHSDUDWLRQVWDUWLQJSRLQWQRQGHFLVLRQWLPHDQGGULIWUDWH
3DUDPHWHUVZHUHGUDZQIURPXQLIRUPO\GLVWULEXWHGSULRUVDQGZHUHHVWLPDWHGZLWKQRQ
LQIRUPDWLYHPHDQDQGVWDQGDUGGHYLDWLRQJURXSSULRUV7KHVWDUWLQJSRLQWZDVVHWDVWKH
PLGSRLQWEHWZHHQWKHWZRGHFLVLRQERXQGDULHVDVWKHH[SHULPHQWDOGHVLJQ LQGXFHGQR
ELDVWRZDUGVRQHRIWKHWZRFKRLFHV3KLOLDVWLGHVHWDO7KHUHZHUHVDPSOHV
GUDZQIURPWKHSRVWHULRU WKHILUVWZHUHGLVFDUGHGDV³EXUQLQ´DQGWKHUHVWZHUH
VXEVDPSOHG³WKLQQHG´E\DIDFWRURIIROORZLQJWKHFRQYHQWLRQDODSSURDFKWR0&0&
VDPSOLQJ ZKHUHE\ LQLWLDO VDPSOHV DUH OLNHO\ WR EH XQUHOLDEOH GXH WR WKH VHOHFWLRQ RI D
UDQGRPVWDUWLQJSRLQWDQGQHLJKERULQJVDPSOHVDUHOLNHO\WREHKLJKO\FRUUHODWHG:LHFNL
HWDO:DEHUVLFKDQG9DQGHNHUFNKRYH7KHUHPDLQLQJVDPSOHVFRQVWLWXWHG
WKHSUREDELOLW\GLVWULEXWLRQVRIHDFKHVWLPDWHGSDUDPHWHU 
$VSDUWRIWKHPRGHOILWWLQJZLWKLQWKH+''0IUDPHZRUNZHXVHGWKHVLQJOHWULDO
((*%HK FRUUHODWLRQV RI WKH LGHQWLILHG FRPSRQHQWV DV UHJUHVVRUV RI WKH GHFLVLRQ
SDUDPHWHUVQRQGHFLVLRQWLPHĲDQGGULIWUDWHįDVIROORZV ߬ ൌ ߚ଴ ൅ ߚଵ כ ߩଵଶ ൅ ߚଶ כ ߩଶଶ  ൅ ߚଷ כ ߩଷଶሺ ?ሻ ߜ ൌ ߛ଴ ൅ ߛଵ כ ߩଵଶ ൅ ߛଶ כ ߩଶଶ  ൅ ߛଷ כ ߩଷଶሺ ?ሻ 
,QWKHVHUHJUHVVLRQVߩ௜ଶDUHWKHVTXDUHGVLQJOHWULDO((*%HKFRUUHODWLRQVRIWKH
WKUHH FRPSRQHQWV UHVSHFWLYHO\ 7KH FRHIILFLHQWV ߚ௜ ߛ௜ ZHLJKW WKH VORSH RI WKH QRQ
GHFLVLRQWLPHGULIWUDWHE\WKHYDOXHVRIߩ௜ଶRQWKDWVSHFLILFWULDOZLWKDQLQWHUFHSWߚ଴ߛ଴
%\XVLQJWKHVHHLJKWUHJUHVVLRQFRHIILFLHQWVZHZHUHDEOHWRWHVWWKHLQIOXHQFHVRIHDFK
RIWKHWKUHHLGHQWLILHGFRPSRQHQWVRQHLWKHURIWKHPRGHOSDUDPHWHUV&DYDQDJKHWDO
3RVWHULRUSUREDELOLW\GHQVLWLHVRIHDFKUHJUHVVLRQFRHIILFLHQWZHUHHVWLPDWHGXVLQJ
WKHVDPSOLQJSURFHGXUHGHVFULEHGDERYHDQGZHUHJUDSKLFDOO\UHSUHVHQWHGDVYLROLQSORWV
 ? ? 
 
VHH)LJXUH%&IRUH[DPSOHV6LJQLILFDQWO\SRVLWLYHQHJDWLYHHIIHFWVZHUHGHWHUPLQHG
ZKHQ!RIWKHSRVWHULRUGHQVLW\ZDVKLJKHUORZHUWKDQ 
)RUFRPSDULVRQZLWKDOWHUQDWHPRGHOVZHXVHGWKH'HYLDQFH,QIRUPDWLRQ&ULWHULRQ
',&DPHDVXUHZLGHO\XVHGIRUILWDVVHVVPHQWDQGFRPSDULVRQRIKLHUDUFKLFDOPRGHOV
6SLHJHOKDOWHU HW DO  ',& VHOHFWV WKH PRGHO WKDW DFKLHYHV WKH EHVW WUDGHRII
EHWZHHQJRRGQHVVRIILWDQGPRGHOFRPSOH[LW\/RZHU',&YDOXHVIDYRUPRGHOVZLWKWKH
KLJKHVWOLNHOLKRRGDQGOHDVWGHJUHHVRIIUHHGRP 
$ GHWDLOHG DFFRXQW RI WKH DQDO\VLV SLSHOLQH LPSOHPHQWHG LQ WKLV VWXG\ LV JLYHQ
JUDSKLFDOO\LQWKHIRUPRIDIORZFKDUWLQ)LJXUH 
 
3. Results 
3.1 Tactile discrimination performance. To generate tactile stimulation that can be  
actively sensed, we employed a haptic stimulator (Campion et al., 2005; Frissen et al., 
2012) (Figure 1A) and programmed it to render a virtual grating texture with different 
amplitudes (Figure 1B). In particular, we split the workspace of the haptic stimulator into 
two regions (left - L and right - R) and asked fifteen subjects to actively explore the virtual 
surface and report as quickly and as accurately as possible which of the two subspaces 
had higher texture amplitude. One of the two regions (termed reference) had a fixed virtual 
amplitude while the other subspace (termed comparison) had a varying amplitude for 
each trial. On each trial, subjects actively moved their finger to scan the two regions in 
order to compare a reference texture amplitude (which was randomly presented in one of 
the two regions) and a comparison texture with higher or lower amplitude (six amplitude 
differences: -0.5, -0.25, -0.1, 0.1, 0.25. 0.5) (Figure 1C). We found that task performance 
 ? ? 
 
improved significantly with increasing stimulus difference, as reflected by a larger fraction 
of correct choices (p<10-7, F(2, 36)=27.03) and faster RTs (p<0.05, F(2, 36)=4.04) 
(Figure 1D,F). 
3.2 Active sensing behavioral kinematics. During this active tactile decision-
making task, we also recorded a) the VXEMHFWV¶ILQJHUSRVLWLRQ, offering a detailed account 
of their active sensing strategy and b) their EEG activity reflecting the neural dynamics 
that underlie performance of this task. First, we examined what aspects of the active 
sensing strategy used by the subjects were affected by task difficulty. We found that 
subjects switched between the two textures (in order to compare their amplitudes before 
reaching a decision) more times when the task was harder, but this dependence of the 
number of crossings on stimulus differences was not significant at the population level 
(p=0.17, F(2,36)=1.87, Figure 1E). Interestingly, the time-averaged speed with which the 
subjects scanned the textures was independent of the stimulus difference (Figure 1G). 
However, instantaneous finger velocity varied considerably within each trial suggesting 
that subjects modulated their tactile exploration speed in order to actively sense the two 
surfaces before making a choice (Figure 1H).    
3.3. EEG activity. $IWHUFKDUDFWHUL]LQJ WKHVXEMHFWV¶active sensing behavior, we 
aimed to investigate the structure of their whole-brain activity during performance of this 
task. We thus applied Principal Component Analysis (PCA) to the EEG recordings pooled 
across all participants to extract the main dimensions of EEG variation and then 
performed source localization analysis to the first three PCs to identify the neuronal 
origins of these brain activations. We found that the most prominent EEG components 
localized to premotor, motor and supplementary motor areas (first PC, Figure 1J), and 
 ? ? 
 
right-lateralized somatosensory as well as other parietal areas (second and third PC, 
Figure 1K-L).   
3.4 Three distinct brain to active sensing couplings. Following the aforementioned 
general characterization of EEG activity in this task, we then probed the relationship 
EHWZHHQWKHVXEMHFWV¶brain activity and their active sensory experience. We hypothesized 
WKDWWKHVXEMHFWV¶DFWLYHVHQVLQJVWUDWHJ\LVUHSUHVHQWHGE\WKHLUILQJHUNLQHPatics and in 
particular their movement velocity which they varied in order to actively explore the two 
surfaces. To relate movement velocity with the recorded EEG signals, we capitalized on 
a novel computational approach, termed ³Stim2EEG´ (Dmochowski et al., 2017), for the 
fusion of neuroimaging and dynamic stimulus signals. We extended the applicability of 
this approach to sensorimotor behavioral measurements (kinematic signals here) and 
termed this analytical method as ³EEG2Beh(avior)´. EEG2Beh aims to identify 
components of brain ± sensorimotor behavior coupling using an optimization procedure 
based on Canonical Correlation Analysis (CCA) (Hotelling, 1936). Specifically, EEG2Beh 
selects a spatial filter w to apply to the EEG signals and a temporal filter h to apply to the 
kinematic feature (i.e. velocity) time series such that the resulting filter outputs are 
maximally correlated in time (Figure 2). Ultimately, this approach outputs multiple spatial 
EEG components matched with multiple temporal kinematic components as well as the 
coefficient of determination (square of the correlation coefficient) of the filter outputs ߩଶ,  
a measure of the brain-behavior coupling for each pair of components. 
7R LGHQWLI\ ((*%HK FRPSRQHQWV WKDW GHVFULEH SHUIRUPDQFH RI WKLV WDVN
FRQVLVWHQWO\DFURVVVXEMHFWVZHSRROHGWKHSUHSURFHVVHG((*DQGYHORFLW\GDWDDFURVV
DOOVXEMHFWVDQGDSSOLHGWKHPWRWKH((*%HKDOJRULWKP7KHDOJRULWKPH[WUDFWHGWKUHH
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SDLUVRIGLVWLQFW((*VSDWLDODQGNLQHPDWLFWHPSRUDOFRPSRQHQWV)LJXUHVKRZLQJ
VLJQLILFDQW ((*%HK FRXSOLQJ S FRUUHFWHG IRU PXOWLSOH FRPSDULVRQV XVLQJ
%RQIHUURQL FRUUHFWLRQ 6RXUFH ORFDOL]DWLRQ RI WKH ILUVW ((* FRPSRQHQW UHYHDOHG D
QHXURQDORULJLQLQWKHULJKWODWHUDORFFLSLWDOFRPSOH[/2&)LJXUH$7KHEUDLQVRXUFH
RI WKH VHFRQG ((* FRPSRQHQW ZDV ORFDOL]HG WR WKH ULJKW PLGGOH IURQWDO J\UXV 0)*
)LJXUH%ZKHUHDVWKHWKLUGFRPSRQHQWKDGLWVRULJLQLQWKHVXSSOHPHQWDU\PRWRUDUHD
60$DQGSUHPRWRUFRUWH[)LJXUH&,QWHUHVWLQJO\WKHILUVWWZRFRPSRQHQWVZLWKWKH
KLJKHVW EUDLQEHKDYLRU FRXSOLQJV GLG QRW FRUUHVSRQG WR WKH ((* FRPSRQHQWV WKDW
DFFRXQWHGIRUWKHKLJKHVWYDULDQFHLQWKHGDWDVHHVRXUFHVRIWKHWKUHHILUVW3&VLQ)LJXUH
-7KLVILQGLQJVXJJHVWVWKDWWKHFRPSRQHQWVFDUU\LQJPRVWRIWKHSRZHULQWKH((*
UHFRUGLQJVGLGQRWFRUUHODWHZLWKDFWLYHVHQVLQJ LQVWHDGEUDLQDUHDVZLWK ORZHUDFWLYLW\
OHVV WKDQRI WKHYDULDQFHRI WKH((*GDWDZHUHPRUHVWURQJO\FRXSOHGZLWK WKH
PRYHPHQWNLQHPDWLFV 
7RHYDOXDWHZKHWKHUWKHWKUHHH[WUDFWHG((*%HKFRPSRQHQWVFKDUDFWHUL]HGWKH
((*NLQHPDWLFV UHODWLRQVKLS IRU HDFK LQGLYLGXDO VXEMHFW ZH ILOWHUHG WKH VLQJOHVXEMHFW
((*DQGYHORFLW\VLJQDOVZLWKWKHLGHQWLILHGVSDWLDODQGWHPSRUDOILOWHUVUHVSHFWLYHO\DQG
FRPSXWHGWKH((*%HKFRUUHODWLRQVߩଶ of each subject. To test for statistical significance 
of the single-subject correlations, we performed a permutation test using phase-
randomized EEG data (see Materials and Methods for details). First, the phase-spectrum 
of the EEG time series of each subject was randomized and then the resulting surrogate 
EEG data were filtered by the spatial filters before computing the correlations with the 
temporally filtered velocity signals. Using this test (repeated 1000 times), we found that 
EEG2Beh couplings were significant (p<0.05, FRUUHFWHGIRUPXOWLSOHFRPSDULVRQVXVLQJ
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%RQIHUURQLFRUUHFWLRQ) for all but three subjects for each component (different subjects for 
each component, so each subject had at least two of the three components), which 
suggests that the identified components were present in the majority of the subjects.  
3.5 Brain-behavior correlations predict HDDM parameters. +DYLQJVSHFLILHG WKH
PDLQFRPSRQHQWVRIEUDLQDFWLYLW\DQGDFWLYHVHQVLQJEHKDYLRUWKDWGHVFULEHWKLVWDVNZH
WKHQ DLPHG WR HVWDEOLVK WKH PLVVLQJ OLQN EHWZHHQ WKLV EUDLQEHKDYLRU FRXSOLQJ DQG
GHFLVLRQPDNLQJSHUIRUPDQFH:HDVNHGZKHWKHU WULDOWRWULDO IOXFWXDWLRQV LQ WKHEUDLQ
EHKDYLRUFRXSOLQJKDYHDGLUHFWLQIOXHQFHRQEHKDYLRUDQGLQSDUWLFXODUZKLFKGHFLVLRQ
PDNLQJSURFHVVHVWKH\PD\EHLPSOLFDWHGLQ7RDGGUHVVWKLVTXHVWLRQZHILUVWTXDQWLILHG
WKHEUDLQEHKDYLRUFRXSOLQJLQVLQJOHWULDOVLHFRPSXWHGVLQJOHWULDOߩଶ valuesE\ILOWHULQJ
WKH VLQJOHWULDO ((* DQG NLQHPDWLF GDWD ZLWK WKH LGHQWLILHG VSDWLDO DQG WHPSRUDO ILOWHUV
UHVSHFWLYHO\. Then, we integrated the single-trial ߩଶ values into a hierarchical drift diffusion 
model (HDDM) (Ratcliff and McKoon, 2008; Wiecki et al., 2013), a cognitive model of 
decision-making behavior that decomposes task performance, i.e. accuracy and RT, into 
the internal components of processing representing the rate of sensory information 
integration (drift rate, į), the amount of evidence required to make a choice (decision 
boundary separation, Į), and the duration of other processes (non-decision time, Ĳ), i.e. 
stimulus encoding and response production. 
As part of the fitting of the HDDM model, we estimated regression coefficients (ȕ, 
Ȗ) to determine the relationship between trial-to-trial variations in ߩଶ  and the main 
decision parameters. Our hypothesis was that that the strength of the brain-behavior 
couplings pertains to decision formation. Hence, this approach served to assess whether 
any of the HDDM parameters representing distinct decision formation components 
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showed any relation to the identified brain-behavior correlations on single trials.  
Our results revealed that the task performance data were fit well by the HDDM with 
trial-dependent drift rate, non-decision time and decision boundary separation (R2=0.81, 
see Figure 5A for the model fits of the behavioral accuracies and RTs). This finding 
indicates that the HDDM model can explain behavior during such a task that, in contrast 
to most speeded decision-making tasks, includes active sampling and exploration of both 
alternatives and consequently longer response times. In particular, we found considerably 
longer non-decision times (1.71s±0.01s) than those typically found during rapid 
perceptual decisions (0.3s-0.4s), which suggests that these longer non-decision time 
durations likely capture the extra time needed to sense both stimuli and switch between 
them. 
More importantly, the HDDM model with EEG2Beh regressors of the non-decision 
times and drift rates, provided a better trade-off between goodness-of-fit and complexity 
(as assessed by the Deviance Information Criterion - DIC for model selection 
(Spiegelhalter et al., 2002)) compared to alternative HDDM models (see Figure 5Ǻ for 
DIC comparisons). Specifically, the model of choice (shown in Figure 6A) provided a 
better fitting of the task performance data than a) a model that did not include EEG2Beh 
regressors, b) models that included regressors of the non-decision times only or the drift 
rates only, or c) a model that included a regressor of the decision boundary separation. 
Thus, we deduced that using the brain-behavior couplings as predictors of single-trial 
non-decision times and drift rates yielded better HDDM model performance.     
Central to our study, we then examined whether any of the EEG2Beh regressors 
were significantly predictive of the HDDM model parameters. We found that the brain-
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behavior correlations of the first (occipital) component were significantly negatively 
correlated to the non-decision times (ȕ1<0 with p<0.01, i.e. the stronger the coupling the 
shorter the non-decision times, Figure 6B) and the correlations of the second (prefrontal) 
component were predictive of the drift rate (Ȗ2>0 with p<0.01, i.e. higher drift rates for 
stronger couplings, Figure 6C). Interestingly, the estimated effects (Ȗ2) of the ߩଶ of the 
second component on drift rate were not significantly different for the three difficulty levels 
(Figure 5C) indicating that this relationship is not modulated by the amount of sensory 
evidence. In contrast, the constant term (Ȗ0) showed a significant increase (p<0.001) with 
the amount of sensory evidence. Taken together, these results suggest that the drift rate 
was proportional to the amount of sensory evidence and its trial-to-trial fluctuations were 
modulated by the brain-behavior couplings over prefrontal areas. Finally, the third 
component showed similar relations to the HDDM parameters as the ones described 
above (negative for the non-decision times and positive for the drift rates) but none of the 
two were significant (p>0.05).  
3.6 No MFG activation when performing active sensing but not decision-making. 
To validate the functional roles of the identified components as revealed by the HDDM 
analysis, we also applied the EEG2Beh analysis to EEG and kinematic signals recorded 
while naïve subjects actively interrogated the same stimuli but did not have to make a 
perceptual choice. The obtained neural components localized to SMA (first and third 
component) and LOC (all three components, see Figure 7). The presence of these 
activations in such a non-decision-making task corroborates their involvement in active 
sensing behavior. In particular, these results are consistent with the identified implication 
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encoding role, and a neither sensory nor decision (but likely a motor) related role for SMA. 
Importantly, no MFG activation was found in this control experiment which indicates that 
this component is present only when a perceptual choice is made and reflects a decision-
related signal.   
 
4. 'LVFXVVLRQ     
In this study, we probed the components of brain activity and sensorimotor 
behavior involved in active perceptual decisions and showed that the sensorimotor 
strategy employed for active sensing drives the perceptual and cognitive processes 
leading to decision formation. In particular, the quality of tactile stimulus encoding and 
evidence accumulation pertains to the coupling between the kinematic patterns of the 
VXEMHFW¶VPRWLRQDQG WKHQHXUDODFWLYLW\ WKDWGULYHV DQG LVGULYHQE\ WKLVPRWLRQ The 
significance of our approach and the implications of the findings are discussed in the 
following. 
4.1 Active sensing as a window onto the neural processes of decision-making. 
There has been significant progress in the study of the neural processes of perceptual 
decision-making (Heekeren et al., 2008; Donner et al., 2009; Rushworth et al., 2009; 
O'Connell et al., 2012; Wyart et al., 2012; Lou et al., 2014; Hanks and Summerfield, 
2017). However, in most decision-making research, sensory information sampling, 
processing, and integrating takes place passively, whereas in real-world settings most 
perceptual decisions are made during active behaviors (e.g eye movements to gather 
information about a visual stimulus (Najemnik and Geisler, 2005; Kleinfeld et al., 2006; 
Renninger et al., 2007; Najemnik and Geisler, 2008; Navalpakkam et al., 2010; Chukoskie 
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et al., 2013; Toscani et al., 2013) or hand/finger movements to explore a tactile surface 
(Lederman and Klatzky, 1986; Lederman and Klatzky, 1987; Oddo et al., 2017; Rongala 
et al., 2017)). This process entails the integration of information from multiple locations in 
order to both select the next movement and solve the task (Hayhoe and Ballard, 2005; 
Rothkopf et al., 2007; Schroeder et al., 2010; Chukoskie et al., 2013; Morillon et al., 2015; 
Schroeder and Ritt, 2016; Yang et al., 2016a; Yang et al., 2016b). Here we investigated 
this sensorimotor coupling in a decision making task using a novel approach which 
decodes a pattern of neural activity that encodes a pattern of the movement kinematics 
(Dmochowski et al., 2017). The development of similar approaches relating neural activity 
to continuous stimulus or behavioral variables has been a topic of major recent interest 
(Crosse et al., 2016; De Cheveigne et al., 2017; Ince et al., 2017; Oddo et al., 2017).   
4.2 A distributed neural network for active perceptual decision-making. Here, we 
found that movement kinematics are encoded in different brain regions and the respective 
brain-behaviour coupling was predictive of dissociable decision-making processes.  
First, the coupling of right occipital cortical activity with the movement kinematics 
was shown to modulate the non-decision time duration of the decision formation 
procedure. This parameter includes the durations of a) the stimulus encoding and b) the 
motor response to indicate the choice made. From these two processes, the latter is not 
expected to vary significantly from trial to trial in this experimental paradigm and 
furthermore, motor actions are not localized in occipital areas. Hence, we deduce that the 
correlation of the first pair of EEG2Beh components is likely associated with the stimulus 
encoding process. We further discuss the role of visual cortex in tactile decision-making 
in the next section. 
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Second, we found that the component localizing to prefrontal cortex was predictive 
of the rate of evidence accumulation towards a tactile decision, which is also compatible 
with previous work. The prefrontal cortex has been shown to play an important role in 
decision-making and, in particular, it has been implicated in perceptual (but also 
economic) information integration (Heekeren et al., 2006; Philiastides et al., 2011; 
Rahnev et al., 2016; Sterzer, 2016).  We should note that, in this study, the contribution 
of prefrontal cortex to evidence accumulation may be direct, i.e. by representing a 
decision variable, or indirect, i.e. by playing a role in regulating other cognitive processes 
such as task engagement, attention or arousal that impact on the rate at which evidence 
is accumulated. Also, our findings do not rule out the possibility that other brain areas ± 
not directly related to active sensing - may contribute to regulating evidence accumulation 
in this task. 
We also identified a third component localizing to the supplementary motor area 
that showed significant EEG-kinematics coupling but did not correlate with any DDM 
model parameter. SMA participates in producing motor behavior and has been previously 
demonstrated to be involved in tactile decision-making (Pleger et al., 2006) and, in 
particular, to correlate with perceptual sensitivity to tactile roughness (Kim et al., 2015). 
SMA has also been implicated in the calculation of motor plans during continuous 
movements (Pereira et al., 2017). We thus aim to further elucidate the role of SMA in 
active tactile decisions in future work involving simultaneous EEG and fMRI recordings.  
Taken together, our results suggest that active perceptual decision-making is 
based on the interaction of different neural networks, which have complementary roles in 
decision formation (Philiastides et al., 2006; Philiastides and Sajda, 2007; Ploran et al., 
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2007; Heekeren et al., 2008; Mostert et al., 2015; Delis et al., 2016). 
4.3 Deciphering the role of visual cortex in tactile decision-making. Our findings 
are consistent with prior work associating the lateral occipital cortex with tactile 
processing (Sathian, 2005; Zhang et al., 2005; Stilla et al., 2008; Lucan et al., 2010; 
Sathian, 2016) and assigning a multimodal role to the visual cortex (Lacey et al., 2007; 
Stilla and Sathian, 2008; Lacey and Sathian, 2011, 2012, 2014, 2015; Murray, 2016; 
Murray et al., 2016). Importantly, =DQJDODG]H and collaborators demonstrated the causal 
involvement of occipital cortex in tactile discrimination performance (Zangaladze et al., 
1999). Here we investigated further its role in tactile behaviors in which decision times 
are under subjects' control and showed that occipital cortex contributes to the 
transmission of information from the sensory organs to the evidence accumulation 
process. In contrast to current belief that visual cortex represents the features of tactile 
VWLPXOL WKDW OHDG WRD ³WDFWLOHREMHFW´ (tactile features provide explicit information about 
shape, orientation etc.) rather than fine grain tactile textures (as in our experiment) 
(Zangaladze et al., 1999), our data showed that the representation of the fine tactile 
textures indeed localized to visual cortex.  
So why do we see visual cortex in a fine grain tactile discrimination task? We 
believe that the difference is due to active sensing. Previous work referenced above used 
very controlled, short trial-based paradigms where subjects were presented with stimuli 
without a need to actively sense. What is unique to our work is that the process of active 
sensing likely results in subjects dynamically forming a representation of the tactile 
surface into an object. For example, as they move their finger, exploring the fine texture 
enables them to integrate information so that they can represent spatial locations of the 
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textural boundaries and the spatial extent of the textures themselves. Though subjects 
do not need to report those object-related properties here, having a representation of 
such properties enables them to potentially make more efficient decisions ² e.g. using a  
representation of the tactile boundary to guide rapid comparisons of textural differences.   
Though additional experiments are needed to investigate the interaction of the 
representation and the task objective (textural decision vs. object-level decision), our 
current work provides evidence that active sensing itself allows the brain to take simple 
stimuli and tasks and build more complex representations that would be of greater utility 
than just solving the simple task at hand. 
4.4 Informed cognitive modeling to uncover latent neural processes. An important 
contribution of our study is the dissociation of the roles of the identified neural/kinematic 
patterns. This was only made possible by the joint cognitive modeling of behavioral and 
neural/kinematic data that linked the neural correlates of sensori-motor behavior with the 
cognitive processes involved in decision-making. Similar model-based cognitive 
neuroscience approaches have been proposed recently and have been shown to be 
effective in characterizing the neural underpinnings of behavioral components (Turner et 
al., 2015; Turner et al., 2017). By means of this approach, neural and other physiological 
measures of various cognitive processes have been identified (Ratcliff et al., 2009; 
Cavanagh et al., 2011; Ratcliff and Frank, 2012; Cavanagh et al., 2014; Dmochowski and 
Norcia, 2015; Frank et al., 2015; Nunez et al., 2017). Here we asked whether the neural 
representations of active sensing are used to generate decision-making behavior and in 
particular if their trial-to-trial fluctuations affect decision-making performance. We found 
that the trial-to-trial variability of the brain-behavior coupling in a) occipital and b) 
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prefrontal cortices ± indexes the efficiency of a) stimulus encoding and b) integration of 
perceptual information respectively.  
Overall, this study indicates that active sensing provides a window into 
understanding the patterns of brain activity and sensorimotor behavior that drive 
perceptual decision-making and offers the first direct evidence on the neural networks 
underlying active tactile decisions. In particular, we demonstrate that, during active tactile 
sensing, the right occipital (SUHVXPDEO\³YLVXDO´) cortex has a central role in forming tactile 
stimulus representations whereas the middle frontal gyrus contributes to regulating how 
quickly perceptual evidence accumulates towards a choice.    
 
)LJXUH&DSWLRQV 
)LJXUH ([SHULPHQWDO GHVLJQ EHKDYLRUDO UHVXOWV DQG SULQFLSDO FRPSRQHQWV RI ((*
VLJQDOV$7KH3DQWRJUDSKLVDKDSWLFGHYLFHXVHGWRUHQGHUYLUWXDOVXUIDFHVWKDWFDQEH
DFWLYHO\VHQVHG%7KHVWLPXOXV:HSURJUDPPHGWKH3DQWRJUDSKWRJHQHUDWHDYLUWXDO
JUDWLQJWH[WXUH7KHZRUNVSDFHZDVVSOLWLQWRWZRVXEVSDFHVOHIW/DQGULJKW5WKDW
GLIIHUHGLQWKHDPSOLWXGHRIWKHYLUWXDOVXUIDFHWKDWWKHVXEMHFWVDFWLYHO\VHQVHG2QHRI
WKHWZRVLGHVUDQGRPO\DVVLJQHGKDGWKHUHIHUHQFHDPSOLWXGHHTXDOWRDQGWKHRWKHU
KDGWKHFRPSDULVRQDPSOLWXGHWKDWYDULHGRQHDFKWULDOWDNLQJRQHRIWKHYDOXHV
DQG&,QGH[ILQJHUWUDMHFWRU\ LQGLFDWLQJWKHVFDQQLQJSDWWHUQRI WKH
YLUWXDOWH[WXUHLQRQHWULDO7KHWZRUHGGRWVLQGLFDWHWKHVWDUWLQJSRLQWDQGHQGSRLQW2Q
WKLV WULDO WKH VXEMHFW DFWLYHO\ VHQVHG WKH OHIW VXEVSDFH ILUVW WKHQ PRYHG WR WKH ULJKW
VXEVSDFHDQGH[SORUHGLWEHIRUHFRPLQJEDFNWRWKHOHIWVXEVSDFHDJDLQDQGUHSRUWLQJ
WKHLUFKRLFH'3V\FKRPHWULFFXUYHLQGLFDWLQJWKHSHUFHQWDJHRIQRQUHIHUHQFHFKRLFHV
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IRUDOOVWLPXOXVGLIIHUHQFHV'RWVLQGLFDWHDYHUDJHSURSRUWLRQRIFKRLFHVDFURVVVXEMHFWV
DQGHUURUEDUVDUHVWDQGDUGHUURURIWKHPHDQVVHPDFURVVVXEMHFWV'DWDDUHILWXVLQJ
DFXPXODWLYH*DXVVLDQIXQFWLRQ(5HVSRQVHWLPHVIRUDOOVWLPXOXVGLIIHUHQFHVVKRZQDV
DYHUDJHVVHPDFURVVVXEMHFWV)1XPEHURIFURVVLQJVLHVZLWFKLQJVEHWZHHQWKH
WZRVWLPXOLIRUDOOVWLPXOXVGLIIHUHQFHVVKRZQDVDYHUDJHVVHPDFURVVVXEMHFWV*
$YHUDJHILQJHUYHORFLWLHVIRUDOOVWLPXOXVGLIIHUHQFHVVKRZQDVDYHUDJHVVHPDFURVV
VXEMHFWV+9HORFLW\SURILOHRIWKHILQJHUPRYHPHQWGXULQJWKHH[DPSOHWULDO-./%UDLQ
VRXUFHV RI WKH ILUVW WKUHH SULQFLSDO FRPSRQHQWV RI WKH UHFRUGHG ((* VLJQDOV DFURVV
VXEMHFWV 
)LJXUH 6FKHPDWLF YLHZ RI ((*%HKDYLRU DQG WKH LGHQWLILHG  6XEMHFWV PRYH WKHLU
ILQJHUV WR DFWLYHO\ VHQVH D VXUIDFH ZKLOH WKHLU EUDLQ DFWLYLW\ HJ ((* VLJQDOV ULW LV
UHFRUGHG7KHUHOHYDQWNLQHPDWLFIHDWXUHVRIWKHVHQVRULPRWRUEHKDYLRUWKHPRYHPHQW
YHORFLW\KHUHDUHH[WUDFWHG UHVXOWLQJ LQD WLPHVHULHV VW$QRSWLPL]DWLRQSURFHGXUH
LPSOHPHQWHGYLDFDQRQLFDOFRUUHODWLRQDQDO\VLVWKHQFRPSXWHVVSDWLDOILOWHUVZWRDSSO\
WRWKHQHXUDOVLJQDOVDQGWHPSRUDOILOWHUVKWWRDSSO\WRWKHYHORFLW\VXFKWKDWWKHUHVXOWLQJ
ILOWHURXWSXWVDUHPD[LPDOO\FRUUHODWHGLQWLPH7KHDOJRULWKPRXWSXWLVDVHWRIPXOWLSOH
((*NLQHPDWLF FRPSRQHQWV DQG WKHLU FRXSOLQJ VWUHQJWKV ȡ 7KUHH SDLUV RI ((*
FRPSRQHQWV VFDOSPDSVRIQHXUDODFWLYLW\DQG WKHLUPDWFKLQJNLQHPDWLF FRPSRQHQWV
WHPSRUDOSURILOHVRIYHORFLW\ILOWHUVZHUHIRXQGWRVKRZVLJQLILFDQWFRUUHODWLRQV 
)LJXUH,OOXVWUDWLRQRIWKHDQDO\VLVIUDPHZRUNLPSOHPHQWHGLQWKLVVWXG\7RFKDUDFWHUL]H
DFWLYHWDFWLOHGHFLVLRQPDNLQJWKUHHW\SHVRIPHDVXUHPHQWVDUHVLPXOWDQHRXVO\PDGHD
((* UHFRUGLQJV E VHQVRULPRWRU VLJQDOV PRYHPHQW NLQHPDWLFV DQG F WDVN
SHUIRUPDQFHPHDVXUHVDFFXUDF\DQGUHVSRQVHWLPH57((*DQGNLQHPDWLFVLJQDOV
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DUH LQSXW WR WKH ((*%HK DOJRULWKP WKDW RXWSXWV SDLUV RI EUDLQ ± EHKDYLRU FRXSOLQJ
FRPSRQHQWVVFDOSPDSVDQGWHPSRUDONLQHPDWLFILOWHUVDQGWKHLUFRUUHODWLRQPHDVXUHV
ȡ7KHEUDLQ((*FRPSRQHQWVDUHLQSXWWRDVRXUFHORFDOL]DWLRQDOJRULWKPWRLGHQWLI\
WKHLUQHXURQDORULJLQV7KH((*%HKFRXSOLQJVWUHQJWKVȡ LQIRUPWKHKLHUDUFKLFDOGULIW
GLIIXVLRQPRGHOOLQJ+''0RIWKHWDVNSHUIRUPDQFHGDWD+''0XVHVWKHȡWRWUDQVODWH
DFFXUDF\DQG57LQWRWKHFRPSRQHQWVRIGHFLVLRQPDNLQJSURFHVVLQJVXFKDVHYLGHQFH
DFFXPXODWLRQ RU VWLPXOXV HQFRGLQJ WKHUHE\ FKDUDFWHUL]LQJ WKH IXQFWLRQDO UROH RI HDFK
((*%HKFRPSRQHQW 
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)LJXUH +''0 ILWWLQJ DQG PRGHO FRPSDULVRQV ǹ &KRLFH SURSRUWLRQV DQG 57
GLVWULEXWLRQVDUHFDSWXUHGE\((*%HKLQIRUPHG+''0%HKDYLRUDO57GLVWULEXWLRQVLQ
JUHHQ DUH VKRZQ IRU HDFK VWLPXOXV GLIIHUHQFH WRJHWKHU ZLWK SRVWHULRU SUHGLFWLYH
VLPXODWLRQV IURP WKH+''0 LQ EOXH 1HJDWLYH YDOXHV LQ WKH WLPH D[LV FRUUHVSRQG WR
LQFRUUHFWFKRLFHVDQGSRVLWLYHYDOXHVUHSUHVHQWFRUUHFWFKRLFHV+LJKHUKLVWRJUDPYDOXHV
LQWKHSRVLWLYHWLPHD[LVLQGLFDWHKLJKHUSURSRUWLRQRIFRUUHFWFKRLFHV)LWWLQJDFFXUDF\LV
ZRUVH ZLWK ORZHU VWLPXOXV GLIIHUHQFHV % &RPSDULVRQ ZLWK DOWHUQDWH PRGHOV :H
FRPSDUHGWKH+''0PRGHORIFKRLFHZLWKDOWHUQDWLYH+''0PRGHOVXVLQJWKH'HYLDQFH
,QIRUPDWLRQ&ULWHULRQ',&:HWHVWHG+''0PRGHOVZKHUHHLWKHUWKHGULIWUDWHįRUWKH
QRQGHFLVLRQ WLPHĲRUERWKZHUHQRWGHSHQGHQWRQ WKH((*%HKFRUUHODWLRQVDQGD
PRGHOZKHUH WKHGHFLVLRQERXQGDU\ ĮZDVGHSHQGHQWRQ WKH((*%HKFRUUHODWLRQV
3RVLWLYHGLIIHUHQFH',&YDOXHV',&PRGHO±',&RSWLPDOIRUDOOIRXUPRGHOVLQGLFDWHWKDW
WKHPRGHORIFKRLFHDFKLHYHGDEHWWHUWUDGHRIIEHWZHHQJRRGQHVVRIILWDQGQXPEHURI
 ? ? 
 
IUHHSDUDPHWHUV 
)LJXUH)RUPXODWLRQRIEHVW+''0PRGHODQGUHJUHVVLRQUHVXOWV$*UDSKLFDOPRGHO
VKRZLQJ KLHUDUFKLFDO HVWLPDWLRQ RI 'ULIW 'LIIXVLRQ 0RGHO SDUDPHWHUV ZLWK ((*%HK
UHJUHVVRUV5RXQGQRGHVUHSUHVHQWFRQWLQXRXVUDQGRPYDULDEOHVDQGGRXEOHERUGHUHG
QRGHV UHSUHVHQW GHWHUPLQLVWLF YDULDEOHV GHILQHG LQ WHUPV RI RWKHU YDULDEOHV 6KDGHG
QRGHV UHSUHVHQW UHFRUGHG RU FRPSXWHG VLJQDOV LQFOXGLQJ VLQJOHWULDO EHKDYLRUDO GDWD
DFFXUDF\ 57 DQG ((*%HK FRXSOLQJ PHDVXUHV ȡ 2SHQ QRGHV UHSUHVHQW
XQREVHUYHG ODWHQW SDUDPHWHUV 3DUDPHWHUV DUH PRGHOOHG DV UDQGRP YDULDEOHV ZLWK
LQIHUUHGPHDQVȝDQGYDULDQFHVı3ODWHVGHQRWHWKDWPXOWLSOHUDQGRPYDULDEOHVVKDUH
WKHVDPHSDUHQWVDQGFKLOGUHQ7KHRXWHUSODWHLVRYHUGLIILFXOW\OHYHOVGZKLOHWKHLQQHU
SODWHLVRYHUWULDOVQ)RUH[DPSOHHDFKVLQJOHWULDOERXQGDU\VHSDUDWLRQDQGVKDUHVWKH
VDPH SDUHQWV ȝĮ DQGıĮ WKDW GHILQH WKH GLVWULEXWLRQDFURVV WULDOVDQGGLIILFXOW\ OHYHOV
6LQJOHWULDOYDULDWLRQVRIQRQGHFLVLRQWLPHĲDQGGULIWUDWHįDUHGHWHUPLQHGE\((*%HK
FRXSOLQJVZLWKUHJUHVVLRQFRHIILFLHQWVȕLDQGȖL%9LROLQSORWVVKRZLQJWKHGLVWULEXWLRQRI
WKHUHJUHVVLRQFRHIILFLHQWVȕLVDPSOHVGUDZQIURPWKHGLVWULEXWLRQRIWKHFRXSOLQJ
VWUHQJWKV ȡL RI WKH WKUHH ((*%HK FRPSRQHQWV IRU WKH SUHGLFWLRQ RI VLQJOHWULDO QRQ
GHFLVLRQWLPHVĲ&9LROLQSORWVVKRZLQJWKHGLVWULEXWLRQRIWKHUHJUHVVLRQFRHIILFLHQWVȖL
 VDPSOHV GUDZQ IURP WKH GLVWULEXWLRQ RI WKH FRXSOLQJ VWUHQJWKV ȡL RI WKH WKUHH
((*%HKFRPSRQHQWVIRUWKHSUHGLFWLRQRIVLQJOHWULDOGULIWUDWHVį 
)LJXUH%UDLQVRXUFHVRIWKHWKUHHVLJQLILFDQW((*%HKFRPSRQHQWVH[WUDFWHGIURPWKH
GDWDRIWKHFRQWUROH[SHULPHQWLHZKHQVXEMHFWVDFWLYHO\H[SORUHGWKHWDFWLOHVWLPXOLEXW
GLGQRWPDNHDQ\SHUFHSWXDOFKRLFH 
 
 ? ? 
 
$FNQRZOHGJHPHQWV7KLVZRUNZDVVXSSRUWHGE\WKH1DWLRQDO,QVWLWXWHVRI+HDOWKXQGHU
*UDQW 50+ WKH 86 $UP\ 5HVHDUFK /DERUDWRU\ XQGHU &RRSHUDWLYH
$JUHHPHQW :1) DQG WKH 8. (FRQRPLF DQG 6RFLDO 5HVHDUFK &RXQFLO
XQGHUJUDQWQXPEHU(6/WR36DQGD1$56$'<RXQJ,QYHVWLJDWRUDZDUGWR
4:7KHYLHZVDQGFRQFOXVLRQVFRQWDLQHGLQWKLVGRFXPHQWDUHWKRVHRIWKHDXWKRUVDQG
VKRXOGQRWEHLQWHUSUHWHGDVUHSUHVHQWLQJWKHRIILFLDOSROLFLHVHLWKHUH[SUHVVHGRULPSOLHG
RI WKH86*RYHUQPHQW7KH86*RYHUQPHQW LVDXWKRUL]HGWRUHSURGXFHDQGGLVWULEXWH
UHSULQWVIRU*RYHUQPHQWSXUSRVHVQRWZLWKVWDQGLQJDQ\FRS\ULJKWQRWDWLRQKHUHLQ 
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,ŽƚĞůůŝŶŐ, ? ? ? ? ? )ZĞůĂƚŝŽŶƐďĞƚǁĞĞŶƚǁŽƐĞƚƐŽĨǀĂƌŝĂƚĞƐ ?ŝŽŵĞƚƌŝŬĂ ? ? P ? ? ? ? ? ? ? ?
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EĂũĞŵŶŝŬ: ?'ĞŝƐůĞƌt^ ? ? ? ? ? )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ĚĞĐŝƐŝŽŶŵĂŬŝŶŐ ?:EĞƵƌŽƐĐŝ ? ? P ? ? ? ? ? ? ? ? ? ? ? ? 
WŚŝůŝĂƐƚŝĚĞƐD' ?ZĂƚĐůŝĨĨZ ?^ĂũĚĂW  ? ? ? ? ? )EĞƵƌĂů ƌĞƉƌĞƐĞŶƚĂƚŝŽŶŽĨ ƚĂƐŬĚŝĨĨŝĐƵůƚǇĂŶĚĚĞĐŝƐŝŽŶŵĂŬŝŶŐ
ĚƵƌŝŶŐƉĞƌĐĞƉƚƵĂůĐĂƚĞŐŽƌŝǌĂƚŝŽŶ PĂƚŝŵŝŶŐĚŝĂŐƌĂŵ ?:EĞƵƌŽƐĐŝ ? ? P ? ? ? ? ? ? ? ? ? ?
WŚŝůŝĂƐƚŝĚĞƐD' ?ƵŬƐǌƚƵůĞǁŝĐǌZ ?,ĞĞŬĞƌĞŶ,Z ?ůĂŶŬĞŶďƵƌŐ& ? ? ? ? ? )ĂƵƐĂůƌŽůĞŽĨĚŽƌƐŽůĂƚĞƌĂůƉƌĞĨƌŽŶƚĂů
ĐŽƌƚĞǆŝŶŚƵŵĂŶƉĞƌĐĞƉƚƵĂůĚĞĐŝƐŝŽŶŵĂŬŝŶŐ ?ƵƌƌŝŽů ? ? P ? ? ? ? ? ? ? ? 
WůĞŐĞƌ ?ZƵĨĨ ?ůĂŶŬĞŶďƵƌŐ& ?ĞƐƚŵĂŶŶ^ ?tŝĞĐŚ< ?^ƚĞƉŚĂŶ< ?ĂƉŝůůĂ ?&ƌŝƐƚŽŶ<: ?ŽůĂŶZ: ? ? ? ? ? )
EĞƵƌĂů ĐŽĚŝŶŐ ŽĨ ƚĂĐƚŝůĞ ĚĞĐŝƐŝŽŶƐ ŝŶ ƚŚĞ ŚƵŵĂŶ ƉƌĞĨƌŽŶƚĂů ĐŽƌƚĞǆ ? :ŽƵƌŶĂů ŽĨ EĞƵƌŽƐĐŝĞŶĐĞ
 ? ? P ? ? ? ? ? ? ? ? ? ? ? ? 
WůŽƌĂŶ: ?EĞůƐŽŶ^D ?sĞůĂŶŽǀĂ< ?ŽŶĂůĚƐŽŶ/ ?WĞƚĞƌƐŶ^ ?tŚĞĞůĞƌD ? ? ? ? ? )ǀŝĚĞŶĐĞĂĐĐƵŵƵůĂƚŝŽŶ
ĂŶĚƚŚĞŵŽŵĞŶƚŽĨƌĞĐŽŐŶŝƚŝŽŶ PŝƐƐŽĐŝĂƚŝŶŐƉĞƌĐĞƉƚƵĂůƌĞĐŽŐŶŝƚŝŽŶƉƌŽĐĞƐƐĞƐƵƐŝŶŐĨDZ/ ?:ŽƵƌŶĂů
ŽĨEĞƵƌŽƐĐŝĞŶĐĞ ? ? P ? ? ? ? ? ? ? ? ? ? ? ? 
WůƵŵŵĞƌD ? ? ? ? ? ):'^ PƉƌŽŐƌĂŵĨŽƌĂŶĂůǇƐŝƐŽĨĂǇĞƐŝĂŶŐƌĂƉŚŝĐĂůŵŽĚĞůƐƵƐŝŶŐ'ŝďďƐƐĂŵƉůŝŶŐ/Ŷ P ?ƌĚ
/ŶƚĞƌŶĂƚŝŽŶĂůtŽƌŬƐŚŽƉŽŶŝƐƚƌŝďƵƚĞĚ^ƚĂƚŝƐƚŝĐĂůŽŵƉƵƚŝŶŐ ? 
ZĂŚŶĞǀ ?EĞĞ ?ZŝĚĚůĞ: ?>ĂƌƐŽŶ^ ? ?ƐƉŽƐŝƚŽD ? ? ? ? ? )ĂƵƐĂůĞǀŝĚĞŶĐĞĨŽƌĨƌŽŶƚĂůĐŽƌƚĞǆŽƌŐĂŶŝǌĂƚŝŽŶ
ĨŽƌƉĞƌĐĞƉƚƵĂůĚĞĐŝƐŝŽŶŵĂŬŝŶŐ ?WƌŽĐEĂƚůĐĂĚ^Đŝh^ ? ? ? P ? ? ? ? ? ? ? ? ? ? 
 ? ? 
 
ZĂƚĐůŝĨĨZ ? ? ? ? ? )ĚŝĨĨƵƐŝŽŶŵŽĚĞůĂĐĐŽƵŶƚŽĨƌĞƐƉŽŶƐĞƚŝŵĞĂŶĚĂĐĐƵƌĂĐǇŝŶĂďƌŝŐŚƚŶĞƐƐĚŝƐĐƌŝŵŝŶĂƚŝŽŶ
ƚĂƐŬ P &ŝƚƚŝŶŐ ƌĞĂů ĚĂƚĂ ĂŶĚ ĨĂŝůŝŶŐ ƚŽ Ĩŝƚ ĨĂŬĞ ďƵƚ ƉůĂƵƐŝďůĞ ĚĂƚĂ ?WƐǇĐŚŽŶŽŵŝĐ ďƵůůĞƚŝŶ  ? ƌĞǀŝĞǁ
 ? P ? ? ? ? ? ? ? ?
ZĂƚĐůŝĨĨZ ?DĐ<ŽŽŶ' ? ? ? ? ? )dŚĞĚŝĨĨƵƐŝŽŶĚĞĐŝƐŝŽŶŵŽĚĞů PdŚĞŽƌǇĂŶĚĚĂƚĂĨŽƌƚǁŽ ?ĐŚŽŝĐĞĚĞĐŝƐŝŽŶƚĂƐŬƐ ?
EĞƵƌĂůŽŵƉƵƚĂƚŝŽŶ ? ? P ? ? ? ? ? ? ? ? 
ZĂƚĐůŝĨĨ Z ? &ƌĂŶŬ D:  ? ? ? ? ? ) ZĞŝŶĨŽƌĐĞŵĞŶƚ ?ďĂƐĞĚ ĚĞĐŝƐŝŽŶ ŵĂŬŝŶŐ ŝŶ ĐŽƌƚŝĐŽƐƚƌŝĂƚĂů ĐŝƌĐƵŝƚƐ P ŵƵƚƵĂů
ĐŽŶƐƚƌĂŝŶƚƐďǇŶĞƵƌŽĐŽŵƉƵƚĂƚŝŽŶĂůĂŶĚĚŝĨĨƵƐŝŽŶŵŽĚĞůƐ ?EĞƵƌĂůŽŵƉƵƚ ? ? P ? ? ? ? ? ? ? ? ? ?
ZĂƚĐůŝĨĨZ ?ŚŝůĚĞƌƐZ ? ? ? ? ? )/ŶĚŝǀŝĚƵĂůŝĨĨĞƌĞŶĐĞƐĂŶĚ&ŝƚƚŝŶŐDĞƚŚŽĚƐĨŽƌƚŚĞdǁŽ ?ŚŽŝĐĞŝĨĨƵƐŝŽŶDŽĚĞů
ŽĨĞĐŝƐŝŽŶDĂŬŝŶŐ ?ĞĐŝƐŝŽŶ ? ? ? ? ? 
ZĂƚĐůŝĨĨZ ?WŚŝůŝĂƐƚŝĚĞƐD' ?^ĂũĚĂW ? ? ? ? ? )YƵĂůŝƚǇŽĨĞǀŝĚĞŶĐĞĨŽƌƉĞƌĐĞƉƚƵĂůĚĞĐŝƐŝŽŶŵĂŬŝŶŐŝƐŝŶĚĞǆĞĚďǇ
ƚƌŝĂů ?ƚŽ ?ƚƌŝĂůǀĂƌŝĂďŝůŝƚǇŽĨƚŚĞ' ?WƌŽĐEĂƚůĐĂĚ^Đŝh^ ? ?  P ? ? ? ? ? ? ? ? ? ? 
ZĂƚĐůŝĨĨZ ?^ŵŝƚŚW> ?DĐ<ŽŽŶ' ? ? ? ? ? )DŽĚĞůŝŶŐZĞŐƵůĂƌŝƚŝĞƐŝŶZĞƐƉŽŶƐĞdŝŵĞĂŶĚĐĐƵƌĂĐǇĂƚĂtŝƚŚƚŚĞ
ŝĨĨƵƐŝŽŶDŽĚĞů ?ƵƌƌŝƌWƐǇĐŚŽů^Đŝ ? ? P ? ? ? ? ? ? ? ?
ZĂƚĐůŝĨĨZ ?^ŵŝƚŚW> ?ƌŽǁŶ^ ?DĐ<ŽŽŶ'  ? ? ? ? ? )ŝĨĨƵƐŝŽŶĞĐŝƐŝŽŶDŽĚĞů PƵƌƌĞŶƚ /ƐƐƵĞƐĂŶĐ,ŝƐƚŽƌǇ ?
dƌĞŶĚƐŝŶŽŐŶŝƚŝǀĞ^ĐŝĞŶĐĞƐ ? ? P ? ? ? ? ? ? ? ? 
ZĞŶŶŝŶŐĞƌ>t ?sĞƌŐŚĞƐĞW ?ŽƵŐŚůĂŶ: ? ? ? ? ? )tŚĞƌĞƚŽůŽŽŬŶĞǆƚ ?ǇĞŵŽǀĞŵĞŶƚƐƌĞĚƵĐĞůŽĐĂůƵŶĐĞƌƚĂŝŶƚǇ ?
:sŝƐ ? P ? ?
ZŽŶŐĂůĂh ?DĂǌǌŽŶŝ ?KĚĚŽD ? ? ? ? ? )EĞƵƌŽŵŽƌƉŚŝĐƌƚŝĨ ŝĂůdŽƵĐŚĨŽƌĂƚĞŐŽƌŝǌĂƚŝŽŶŽĨEĂƚƵƌĂůŝƐƚŝĐ
dĞǆƚƵƌĞƐ ?/ĞĞĞdEĞƵƌEĞƚ>ĞĂƌ ? ? P ? ? ? ? ? ? ? ?
ZŽƚŚŬŽƉĨ ?ĂůůĂƌĚ, ?,ĂǇŚŽĞDD ? ? ? ? ? )dĂƐŬĂŶĚĐŽŶƚĞǆƚĚĞƚĞƌŵŝŶĞǁŚĞƌĞǇŽƵůŽŽŬ ?:sŝƐŝŽŶ ? ? 
ZƵƐŚǁŽƌƚŚ D&^ ? DĂƌƐ Z ? ^ƵŵŵĞƌĨŝĞůĚ   ? ? ? ? ? ) 'ĞŶĞƌĂů ŵĞĐŚĂŶŝƐŵƐ ĨŽƌ ŵĂŬŝŶŐ ĚĞĐŝƐŝŽŶƐ ? ƵƌƌĞŶƚ
KƉŝŶŝŽŶŝŶEĞƵƌŽďŝŽůŽŐǇ ? ? P ? ? ? ? ? ? 
^ĂƚŚŝĂŶ< ? ? ? ? ? )sŝƐƵĂůĐŽƌƚŝĐĂůĂĐƚŝǀŝƚǇĚƵƌŝŶŐƚĂĐƚŝůĞƉĞƌĐĞƉƚŝŽŶŝŶƚŚĞƐŝŐŚƚĞĚĂŶĚƚŚĞǀŝƐƵĂůůǇĚĞƉƌŝǀĞĚ ?
ĞǀĞůŽƉŵĞŶƚĂůƉƐǇĐŚŽďŝŽůŽŐǇ ? ? P ? ? ? ? ? ? ? ? 
^ĂƚŚŝĂŶ< ? ? ? ? ? )ŶĂůǇƐŝƐŽĨŚĂƉƚŝĐŝŶĨŽƌŵĂƚŝŽŶŝŶƚŚĞĐĞƌĞďƌĂůĐŽƌƚĞǆ ?:EĞƵƌŽƉŚǇƐŝŽů ? ? ? P ? ? ? ? ? ? ? ? ? ?
^ĐŚƌŽĞĚĞƌ  ? tŝůƐŽŶ  ? ZĂĚŵĂŶ d ? ^ĐŚĂƌĨŵĂŶ , ? >ĂŬĂƚŽƐ W  ? ? ? ? ? ) ǇŶĂŵŝĐƐ ŽĨ ĐƚŝǀĞ ^ĞŶƐŝŶŐ ĂŶĚ
ƉĞƌĐĞƉƚƵĂůƐĞůĞĐƚŝŽŶ ?ƵƌƌKƉŝŶEĞƵƌŽďŝŽů ? ? P ? ? ? ? ? ? ? ?
^ĐŚƌŽĞĚĞƌ: ?Zŝƚƚ :d  ? ? ? ? ? )^ĞůĞĐƚŝŽŶŽĨŚĞĂĚĂŶĚǁŚŝƐŬĞƌĐŽŽƌĚŝŶĂƚŝŽŶƐƚƌĂƚĞŐŝĞƐĚƵƌŝŶŐŐŽĂů ?ŽƌŝĞŶƚĞĚ
ĂĐƚŝǀĞƚŽƵĐŚ ?:ŽƵƌŶĂůŽĨEĞƵƌŽƉŚǇƐŝŽůŽŐǇ ? ? ? P ? ? ? ? ? ? ? ? ? ?
^ƉŝĞŐĞůŚĂůƚĞƌ: ?ĞƐƚE' ?ĂƌůŝŶZ ?ǀĂŶĚĞƌ>ŝŶĚĞ ? ? ?   )ĂǇĞƐŝĂŶŵĞĂƐƵƌĞƐŽĨŵŽĚĞůĐŽŵƉůĞǆŝƚǇĂŶĚ
Ĩŝƚ ?:ZŽǇ^ƚĂƚ^ŽĐ ? ? P ? ? ? ? ? ? ? ?
^ƚĞƌǌĞƌW ? ? ? ? ? )DŽǀŝŶŐĨŽƌǁĂƌĚŝŶƉĞƌĐĞƉƚƵĂůĚĞĐŝƐŝŽŶŵĂŬŝŶŐ ?WƌŽĐEĂƚůĐĂĚ^Đŝh^ ? ? ? P ? ? ? ? ? ? ? ? ? ?
^ƚŝůůĂZ ?^ ĂƚŚŝĂŶ< ? ? ? ? ? )^ ĞůĞĐƚŝǀĞǀŝƐƵŽ ?ŚĂƉƚŝĐƉƌŽĐĞƐƐŝŶŐŽĨƐŚĂƉĞĂŶĚƚĞǆƚƵƌĞ ?,ƵŵƌĂŝŶDĂƉƉ ? ? P ? ? ? ? ?
 ? ? ? ? ? 
^ƚŝůůĂZ ?,ĂŶŶĂZ ?,Ƶy ?DĂƌŝŽůĂ ?ĞƐŚƉĂŶĚĞ' ?^ĂƚŚŝĂŶ<  ? ? ? ? ? )EĞƵƌĂůƉƌŽĐĞƐƐŝŶŐƵŶĚĞƌůǇŝŶŐƚĂĐƚŝůĞ
ŵŝĐƌŽƐƉĂƚŝĂůĚŝƐĐƌŝŵŝŶĂƚŝŽŶŝŶƚŚĞďůŝŶĚ PĂĨƵŶĐƚŝŽŶĂůŵĂŐŶĞƚŝĐƌĞƐŽŶĂŶĐĞŝŵĂŐŝŶŐƐƚƵĚǇ ?:sŝƐ ? P ? ?
 ? ? ? ? ? ? 
^ƵŵŵĞƌĨŝĞůĚ ?ĚĞ>ĂŶŐĞ&W ? ? ? ? ? )ǆƉĞĐƚĂƚŝŽŶŝŶƉĞƌĐĞ ƚƵĂůĚĞĐŝƐŝŽŶŵĂŬŝŶŐ PŶĞƵƌĂůĂŶĚĐŽŵƉƵƚĂƚŝŽŶĂů
ŵĞĐŚĂŶŝƐŵƐ ?EĂƚZĞǀEĞƵƌŽƐĐŝ ? ? P ? ? ? ? ? ? ? ?
dĂĚĞů & ? ĂŝůůĞƚ ^ ? DŽƐŚĞƌ : ? WĂŶƚĂǌŝƐ  ? >ĞĂŚǇ ZD  ? ? ? ?  ) ƌĂŝŶƐƚŽƌŵ P Ă ƵƐĞƌ ?ĨƌŝĞŶĚůǇ ĂƉƉůŝĐĂƚŝŽŶ ĨŽƌ
D' ?'ĂŶĂůǇƐŝƐ ?ŽŵƉƵƚĂƚŝŽŶĂůŝŶƚĞůůŝŐĞŶĐĞĂŶĚŶĞƵƌŽƐĐŝĞŶĐĞ ? ? ? ? P ? ? ? ? ? ? ?
dŚĞŝůĞƌ: ?ƵďĂŶŬ^ ?>ŽŶŐƚŝŶ ?'ĂůĚƌŝŬŝĂŶ ?&ĂƌŵĞƌ: ? ? ? ? ? )dĞƐƚŝŶŐĨŽƌEŽŶůŝŶĞĂƌŝƚǇŝŶdŝŵĞ ?^ĞƌŝĞƐ ?ƚŚĞ
DĞƚŚŽĚŽĨ^ƵƌƌŽŐĂƚĞĂƚĂ ?WŚǇƐŝĐĂ ? ? P ? ? ?  
dŽŵĂƐƐŝŶŝ  ?  ?ƵƐŝůŝŽ   ? ? ? ? ? ) WĂƐƐŝǀĞ ƐĞŶƐŽƌŝŵŽƚŽƌƐƚŝŵƵůĂƚŝŽŶ ƚƌŝŐŐĞƌƐ ůŽŶŐ ůĂƐƚŝŶŐ ĂůƉŚĂ ?ďĂŶĚ
ĨůƵĐƚƵĂƚŝŽŶƐŝŶǀŝƐƵĂůƉĞƌĐĞƉƚŝŽŶ ?:EĞƵƌŽƉŚǇƐŝŽů PũŶ ? ? ? ? ? ? ? ? ?
dŽŵĂƐƐŝŶŝ ?ŵďƌŽŐŝŽŶŝ> ?DĞĚĞŶĚŽƌƉtW ?DĂƌŝƐ ? ? ? ? ? )dŚĞƚĂŽƐĐŝůůĂƚŝŽŶƐůŽĐŬĞĚƚŽŝŶƚĞŶĚĞĚĂĐƚŝŽŶƐ
ƌŚǇƚŚŵŝĐĂůůǇŵŽĚƵůĂƚĞƉĞƌĐĞƉƚŝŽŶ ?Ğ>ŝĨĞ ? ? 
dŽƐĐĂŶŝ D ? sĂůƐĞĐĐŚŝ D ? 'ĞŐĞŶĨƵƌƚŶĞƌ <Z  ? ? ? ? ? ) KƉƚŝŵĂů ƐĂ ƉůŝŶŐ ŽĨ ǀŝƐƵĂů ŝŶĨŽƌŵĂƚŝŽŶ ĨŽƌ ůŝŐŚƚŶĞƐƐ
 ? ? 
 
ũƵĚŐŵĞŶƚƐ ?WƌŽĐEĂƚůĐĂĚ^Đŝh^ ? ? ? P ? ? ? ? ? ? ? ? ? ? ? ? 
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 Fig. 1. Experimental design, behavioral results and principal components of EEG signals. A. The Pantograph is a haptic device used to render virtual surfaces that can be actively sensed. B. The 
stimulus. We programmed the Pantograph to generate a virtual grating texture. The workspace was split into two subspaces (left - L and right - R) that differed in the amplitude of the virtual 
surface that the subjects actively sensed. One of the two sides (randomly assigned) had the reference amplitude (equal to 1) and the other had the comparison amplitude that varied on each trial 
taking one of the values: 0.5, 0.75, 0.9, 1.1, 1.25, and 1.5. C. Index finger trajectory indicating the scanning pattern of the virtual texture in one trial. The two red dots indicate the starting point 
and endpoint. On thistrial, the subject actively sensed the left subspace first, then moved to the right subspace and explored it before coming back to the left subspace again and reporting their 
choice. D. Psychometric curve indicating the percentage of non-reference choices for all stimulus differences. Dots indicate average proportion of choices across subjects and errorbars are standard 
error of the means (sem) across subjects. Data are fit using a cumulative Gaussian function. E. Response times for all stimulus differences shown as averages (±sem) across subjects. F. Number of 
crossings (i.e. switchings between the two stimuli) for all stimulus differences shown as averages (±sem) across subjects. G. Average finger velocities for all stimulus differences shown as averages 
(±sem) across subjects. H. Velocity profile of the finger movement during the example trial. J-K-L. Brain sources of the first three principal components of the recorded EEG signals across subjects. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
 
 
Fig. 2. Schematic view of EEG2Beh(avior) and the identified. Subjects move their fingers to actively sense a surface while their brain activity (e.g. EEG signals) ri(t) is recorded. The relevant 
kinematic features of the sensorimotor behavior (the movement velocity here) are extracted, resulting in a time series s(t). An optimization procedure, implemented via canonical correlation 
analysis, then computes spatial filters w to apply to the neural signals and temporal filters h(t) to apply to the velocity such that the resulting filter outputs are maximally correlated in time. The 
algorithm output is a set of multiple EEG-kinematic components and their coupling strengths É2. Three pairs of EEG components (scalp maps of neural activity) and their matching kinematic 
components (temporal profiles of velocity filters) were found to show significant correlations. 
  
 Fig. 3. Illustration of the analysis framework implemented in this study. To characterize active tactile decision-making, three types of measurements are simultaneously made: a) EEG recordings, 
b) sensorimotor signals (movement kinematics), and c) task performance measures (accuracy and response time - RT). EEG and kinematic signals are input to the EEG2Beh algorithm that outputs 
pairs of brain ֈ behavior coupling components (scalp maps and temporal kinematic filters) and their correlation measures É2. The brain (EEG) components are input to a source localization 
algorithm to identify their neuronal origins. The EEG2Beh coupling strengths É2 inform the hierarchical drift diffusion modelling (HDDM) of the task performance data. HDDM uses the É2 to 
translate accuracy and RT into the components of decision-making processing (such as evidence accumulation or stimulus encoding) thereby characterizing the functional role of each EEG2Beh 
component. 
 
 
 
Fig. 4. Brain sources of the three EEG components showing significant brain-behavior couplings. 
  
  
Fig. 5. HDDM fitting and model comparisons. . Choice proportions and RT distributions are captured by EEG2Beh-informed HDDM. Behavioral RT distributions (in green) are shown for each 
stimulus difference together with posterior predictive simulations from the HDDM (in blue). Negative values in the time axis correspond to incorrect choices and positive values represent correct 
choices. Higher histogram values in the positive time axis indicate higher proportion of correct choices. Fitting accuracy is worse with lower stimulus differences. B. 
Comparison with alternate models. We compared the HDDM model of choice with alternative HDDM models using the Deviance Information Criterion (DIC). We tested HDDM models where either 
the drift rate (») or the non-decision time (Ì) or both were not dependent on the EEG2Beh correlations and a model where the decision boundary (¸) was dependent on the EEG2Beh correlations. 
Positive difference DIC values (DICmodel ֈ DICoptimal) for all four models indicate that the model of choice achieved a better trade-off between goodness-of-fit and number of free parameters. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
 
 
 
Fig. 6. Formulation of best HDDM model and regression results. A. Graphical model showing hierarchical estimation of Drift Diffusion Model parameters with EEG2Beh regressors. Round nodes 
represent continuous random variables and double-bordered nodes represent deterministic variables, defined in terms of other variables. Shaded nodes represent recorded or computed signals, 
including single-trial behavioral data (accuracy, RT) and EEG2Beh coupling measures (É2). Open nodes represent unobserved latent parameters. Parameters are modelled as random variables with 
inferred means Äand variances Ê2. Plates denote that multiple random variables share the same parents and children. The outer plate is over difficulty levels d while the inner plate is over trials n. 
For example, each single-trial boundary separation an,d shares the same parents Ä¸and Ê¸2 that define the distribution across trials and difficulty levels. Single-trial variations of non-decision time Ì
and drift rate »are determined by EEG2Beh couplings with regression coefficients ¹i and ºi. B. Violin plots showing the distribution of the regression coefficients ¹i (100 samples drawn from the 
distribution) of the coupling strengths Éi2 of the three EEG2Beh components for the prediction of single-trial non-decision times Ì. C. Violin plots showing the distribution of the regression 
coefficients ºi (100 samples drawn from the distribution) of the coupling strengths Éi2 of the three EEG2Beh components for the prediction of single-trial drift rates ». 
  
  
Fig. 7. Brain sources of the three significant EEG2Beh components extracted from the data of the control experiment, i.e. when subjects actively explored the tactile stimuli but did not make any 
perceptual choice. 
